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______________________________________________________________________________________ 
Abstract 
Ractopamine is a beta-adrenergic agonist that is approved for use in beef cattle, pigs and turkeys as a 
repartitioning agent to increase lean muscle deposition and decrease lipogenesis. Although the effects of 
dietary ractopamine on the proteome profile of post-mortem pork muscles have been examined, its influence 
on beef muscle proteome has not been studied. Therefore, the objective of this study was to examine the 
effect of ractopamine on the proteome profile of post-mortem beef longissimus lumborum (LL) muscle. LL 
muscle samples were obtained from the carcasses of six (n = 6) steers fed ractopamine (RAC; 400 mg 
ractopamine hydrochloride for 28 days) and six (n = 6) steers fed no ractopamine (CON). The muscle 
proteome was analysed using two-dimensional gel electrophoresis and tandem mass spectrometry. Five 
differentially abundant spots were identified, and all the spots were over-abundant in RAC. The identified 
proteins were involved in muscle structure development (F-actin-capping protein subunit beta-2; PDZ and 
LIM domain protein-3), chaperone activity (heat shock protein beta-1), oxygen transport (myoglobin), and 
glycolysis (L-lactate dehydrogenase A chain). These results suggested that dietary ractopamine could 
influence the abundance of enzymes associated with muscle development and muscle fibre type shift in beef 
LL muscle. 
______________________________________________________________________________________ 
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Ractopamine is a beta-adrenergic agonist that is approved as a growth promotant in the pork, turkey 
and beef industries in the United States. This beta-agonist enhances muscle protein synthesis, decreases 
lipid deposition, and increases leanness (Johnson & Chung, 2007). The improved leanness could be 
attributed to the increased feed efficiency (Avendaño-Reyes et al., 2006; Abney et al., 2007; Quinn et al., 
2016) and muscle accretion (Quinn et al., 2008; Bryant et al., 2010; Boler et al., 2012; Brigida et al., 2018). 
Furthermore, several studies have documented that ractopamine feeding resulted in muscle fibre type shift 
from oxidative (Types IIA, IIX) to glycolytic (Type IIB) in pigs (Depreux et al., 2002; Gunawan et al., 2007; 
Almeida et al., 2015). Gonzalez et al. (2009) examined six muscles (longissimus lumborum, 
semimembranosus, vastus lateralis, adductor, gracilis and rectus femoris) from ractopamine-fed steers and 
observed a fibre type shift from Type I to Type IIA in all muscles except semimembranosus. Meta-analyses 
of data from ractopamine feeding studies in beef animals reported that the growth promotant increased rib 
eye area and hot carcass weight, but decreased tenderness and marbling (Lean et al., 2014).  
Recently, several studies have examined the influence of dietary ractopamine on the proteome profile 
of post-mortem skeletal muscles. Costa-Lima et al. (2015) analysed the sarcoplasmic proteome profile of 
pork longissimus thoracis and found that nine proteins were differentially abundant between control and 
ractopamine-fed pigs. These results suggested that ractopamine influenced the abundance of enzymes 
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associated with glycolytic metabolism and thus may potentially influence the conversion of muscle to meat. 
Additionally, Wu et al. (2016) examined the sarcoplasmic proteome of semimembranosus from pigs fed 
ractopamine and control diets and observed that five proteins (involved in oxidative metabolism, chaperone 
and plasma membrane repair) were differentially abundant between the two groups. 
Although the effects of ractopamine on proteome profile of pork muscles have been studied, its 
influence on beef muscle proteome has not been investigated. Therefore, the objective of the current study 
was to examine the influence of ractopamine on the proteome of beef longissimus lumborum (LL) muscle. 
 
Materials and Methods 
The muscle samples were obtained from a previous feeding study (Edenburn et al., 2016) that was 
completed at the University of Illinois. All animal procedures were approved by the University of Illinois 
Institutional Animal Care and Use Committee (IACUC protocol #12009) and followed the guidelines 
recommended in the Guide for the Care and Use of Agricultural Animals in Agricultural Research and 
Teaching (FASS, 2010). Steers were fed a corn-based diet for 188 days before the initiation of this study and 
were implanted with Component TE-IS (80 mg trenbolone acetate, 16 mg estradiol; Elanco Animal Health, 
Greenfield, IN) 104 days before the initiation of the study. Seventy-two steers were used in the study and 
were allocated to 12 pens with 6 steers per pen. Pens were randomly assigned to 1 of 2 treatments on day 
0: ractopamine hydrochloride (RAC) and no ractopamine (CON). Steers were fed in 3-m concrete bunks. 
Steers in the RAC group received Optaflexx 45 (Elanco Animal Health, Greenfield, IN, USA) to provide 400 
mg RAC/steer per day for 28 days. All steers were fed the same basal diet of 60% dry-rolled corn, 20% corn 
silage (approximately 50 : 50 grain : forage), 10% dry distillers grains, and 10% supplement on a dry matter 
basis. Each diet was formulated to meet or exceed NRC guidelines (NRC, 2000). Steers were fed once daily. 
At the end of the 28-day ractopamine supplementation, one steer was randomly selected from each of the 
six pens in CON (628 kg average body weight) and RAC (635 kg average body weight) at the end of the  
28-day feeding period. This approach provided six replicates (n = 6) from RAC and six replicates (n = 6) from 
CON for proteome analysis. These 12 steers were transported to a USDA-inspected commercial meat 
packing facility. Cattle were fasted for approximately 16 hours, but were provided water until slaughter. At 24 
hours post-mortem, a 2.5-cm thick sample of LL muscle (between the 12th and 13th ribs) was collected from 
each carcass, vacuum-packaged, frozen immediately at -80 °C, and transported in dry ice to University of 
Kentucky. The data on growth performance, carcass traits and meat quality are presented and discussed in 
Edenburn et al. (2016). 
The muscle proteome from beef LL muscle was extracted as described by Lametsch et al. (2003). 
One gram of frozen muscle tissue was cut and homogenized (Polytron PT 10-35 GT, Kinematica, Luzern, 
Switzerland) in 5 mL extraction buffer (8 M urea, 2 M Thiourea, 2% Chaps, 65 mM DTT, and 0.5% pH 3-10 
ampholyte) for 5 min. Crude extract was transferred to centrifuge tubes, vigorously shaken for 2 hours at  
4 °C, and centrifuged (10000 × g) for 30 min at 4 °C. The supernatant, which consisted of muscle proteins, 
was filtered and utilized for analysis. Bradford assay was used to determine the protein concentration of 
sarcoplasmic extract (Bio-Rad, Hercules, CA, USA). The sarcoplasmic proteins (900 μg) were mixed with 
rehydration buffer (Bio-Rad) optimized to 7 M urea, 2 M thiourea, 4% CHAPS, 20 mM DTT, 0.5% Bio-Lyte 
5/8 ampholyte, and 0.001% of bromophenol blue. The mixture was loaded into immobilized pH gradient 
(IPG) strips (pH 3-10, 17 cm; Bio-Rad). The IPG strips were subjected to passive rehydration for 16 hours. 
First dimension isoelectric focusing (IEF) process was conducted using Protean IEF cell system. First, an 
active rehydration step was conducted with low voltage (50 V) and increased by stages, with final rapid 
voltage ramping to reach a total of 80 kVh. Subsequently, the IPG strips were equilibrated with equilibration 
buffer I (6 M urea, 0.375 M Tris–HCl, pH 8.8, 2% SDS, 20% glycerol, 2% DTT) for 15 min, followed by 
equilibration buffer II (6 M urea, 0.375 M Tris–HCl, pH 8.8, 2% SDS, 20% glycerol, 2.5% Iodoacetamide) for 
15 min. The second dimension protein separation process was conducted by 12% sodium dodecyl sulphate 
polyacrylamide gel electrophoresis (SDS-PAGE; 38.5:1 ratio of acrylamide to bis-acrylamide) using Protean 
II XL system (Bio-Rad). The gels were stained by Colloidal Coomassie Blue for 48 hours, and destained until 
the background of the gels was cleared. The CON and RAC samples were evaluated under the same 
conditions (two gels/sample), resulting in 24 gels. The gels were scanned using VersaDoc (Bio-Rad) and gel 
images were analysed using PDQuest (Bio-Rad, Hercules, CA, USA). First, spot detection was conducted 
and matched, then normalized (Joseph et al., 2012). The spots were considered differentially abundant when 
a 1.5-fold or more intensity difference was measured between CON and RAC, with 90% statistical 
significance (P <0.10) in a pairwise Student’s t-test. 
Protein spots that were differentially abundant between CON and RAC were subjected to mass 
spectrometric identification. The protein spots were manually removed from the gels and then subjected to 
dithiothreitol reduction, iodoacetamide alkylation and in-gel trypsin digestion. The peptides formed were 
extracted and concentrated. Subsequently the peptides were injected for nano-LC-MS/MS analysis using 
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LTQ-Orbitrap mass spectrometer (Thermo Fisher Scientific, Waltham, MA) coupled with an Eksigent 
Nanoflex cHiPLC™ system (Eksigent, Dublin, CA, USA) through a nano electrospray ionization source. A 
reverse phase cHiPLC column (75 μm × 150 mm) was operated (300 nL/min flow rate) for separation of the 
peptides. Water with 0.1% (v/v) formic acid was used for mobile phase A, and acetonitrile with 0.1% (v/v) 
formic acid was used for mobile phase B. A 50 min gradient was applied. The initial 3% mobile phase B was 
linearly increased to 50% in 24 min and further to 85% and 95% for 5 min each, before it was decreased to 
3%, then the column was re-equilibrated. The mass analysis method consisted of eight scan events per 
segment. The first scan event was an Orbitrap MS scan (100 - 1600 m/z) with 60 000 resolutions for parent 
ions, and then followed by data dependent MS/MS for fragmentation of the seven most intense ions through 
collision induced dissociation (CID). The LC-MS/MS data were submitted to a local Mascot server for MS/MS 
protein identification through Proteome Discoverer (version 1.3, Thermo Fisher Scientific, Waltham, MA, 
USA) based on the Bos taurus database from National Center for Biotechnology Information (NCBI). The 
parameters of the MASCOT MS/MS ion search were trypsin digest with a maximum of two miscleavages, 
cysteine carbamidomethylation, methionine oxidation, a maximum of 10 ppm MS error tolerance, and a 
maximum of 0.8 Da MS/MS error tolerance. A decoy database was conducted and searched. To distribute 
the confidence indicators for the peptide matches, filter settings to determine false discovery rates (FDR) 
were used. Peptide matches that passed the filter associated with the strict FDR (target setting of 0.01) were 
assigned as high confidence. For the MS/MS ion search, proteins with two of more high confidence peptides 
were considered unambiguous identifications without manual inspection, whereas proteins identified with 
one high confidence peptide were manually inspected and confirmed. 
The differentially expressed proteins were matched against the STRING database (Szklarczyk et al., 
2015) to determine the protein-protein interaction network, in which the network nodes represented the 
proteins and the lines indicated functional associations. 
 
Results and Discussion 
Five differentially abundant spots were identified from the image analyses of muscle proteome gels 
(Figure 1). The accession number, database score, matched peptides, and sequence coverage of the 
identified proteins are listed in Table 1. All the identified proteins were over-abundant (P <0.10) in RAC 
(Table 1). These proteins were involved in muscle contraction (F-actin-capping protein subunit beta 2; PDZ 
and LIM domain protein 3), chaperone (heat shock protein beta-1), transport (myoglobin), and glycolysis  
(L-lactate dehydrogenase A chain). The network of interacting proteins generated using STRING database 
(Figure 2) identified five proteins as key nodes in biological interactions.  
The F-actin-capping protein subunit β2 belongs to the actin-capping protein family (Pyle et al., 2002). 
The actin-capping proteins bind the barbed ends of actin filaments, control length of actin filaments and 
stabilize actin filaments (Pollard & Cooper, 1986; Clark et al., 2002; Russel et al., 2010). Actin-capping 
protein β has 2 isoforms (β1 and β2), of which the β2 isoform is found at the cell-cell junctions and is 
concentrated at the intercalated disc, whereas β1 isoform is found in Z-disk of myofibrils (Schafer et al., 
1994). Since dietary ractopamine increases skeletal muscle growth and protein accretion, the over-
abundance of CapZ β2 protein in RAC is logical (Wang et al., 2014). Several proteomic studies examined 
the possible relationships between actin-capping protein and quality attributes in pork and beef. Ponsuksili  
et al. (2009) suggested that CapZB gene could be a candidate gene for pork quality. Lametsch et al. (2003) 
compared the proteomes of pork longissimus dorsi aged for 72 hours and non-aged counterparts to 
characterize the relationship between proteome components and tenderness and observed that the 
abundance of capping protein was greater in the samples aged for 72 hours than in the non-aged pork. 
Guillemin et al. (2011) examined biomarkers for tenderness in longissimus and semitendinosus muscles also 
from Charolais steers and young bulls and observed that CapZ proteins were over-abundant in 
semitendinosus muscles of steers compared to their counterparts from bulls. Gagaoua et al. (2015) 
attempted to identify the biomarkers for beef tenderness using longissimus thoracis and semitendinosus 
muscles of young bulls of three continental breeds (Aberdeen Angus, Blond d'Aquitaine and Limousin) and 
documented that Aberdeen Angus had greater levels of CapZβ than the other two breeds. However, no 
relationship between tenderness and CapZβ was observed. 
The PDZ and LIM domain protein is a protein motif, which plays a critical role in organ development 
and mediates signals between the nucleus and cytoskeleton (Krcmery et al., 2010). PDZ and LIM domain 
protein-3 is known as α-actinin-associated LIM domain protein (ALP), which consists of PDZ domain in the 
amino terminus and a single LIM domain at the carboxy terminus (Hoshijima, 2006; Krcmery et al., 2010). 
Several studies have indicated that ALP is involved in muscle development. Pomies et al. (1999) observed 
that ALP is expressed in muscle cells and is up-regulated during muscle differentiation, and concluded that 
ALP interacts with α-actinin to stabilize and strengthen the contractile structure of muscle cells. Furthermore, 
ALP subfamily genes are functionally involved in muscle differentiation (Pomies et al., 2007; Wang et al., 
Kim et al., 2019. S. Afr. J. Anim. Sci. vol. 49 427 
 
 
2010), and the ALP strengthens the association between α-actinin and actin filaments (Xia et al., 1997; 



































Figure 1 Coomassie-stained two-dimensional gel of muscle proteome extracted from longissimus lumborum 
of beef steers fed on ractopamine. Five protein spots differentially abundant in control and ractopamine-fed 
beef steers are encircled and numbered. 
 
 
Heat shock protein beta-1 (Hsp27) belongs to the family of small heat shock proteins, which are 
distributed widely in various tissues and play an important role in cell survival under stress conditions 
(Bakthisaran et al., 2015; Haslbeck & Vierling, 2015). This protein plays a critical role in stabilizing the 
cytoskeleton, especially with protecting muscle filaments and stabilizing the muscle structure (Perng et al., 
1999a; 1999b). Furthermore, Pivovarova et al. (2005) reported that Hsp27 efficiently prevents heat-induced 
aggregation of F-actin. Previous proteomic investigations indicated that Hsp27 is involved in muscle growth 
and meat quality. Lametsch et al. (2006) analysed the proteome of longissimus muscles from pigs that 
exhibited compensatory growth and normal growth and observed that Hsp27 was over-abundant in animals 
that demonstrated compensatory growth, suggesting an important role of Hsp27 in muscle hypertrophy 
during compensatory growth. Shibata et al. (2009) compared the proteome of semitendinosus muscles from 
grass-fed and grain-fed cattle and found that Hsp27 was over-abundant in grain-fed cattle. These authors 
speculated that Hsp27 may have some role in skeletal muscle growth in exercise-restricted cattle. 
Furthermore, Hsp27 has been reported to be associated with tenderness (Kim et al., 2008; Carvalho et al., 
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Table 1 Identity and functional roles of differentially abundant proteins in muscle proteome of longissimus 
lumborum from beef steers fed on ractopamine 
 













        
1 F-actin-capping protein 
subunit beta-2 
P79136-2 1569.72/19 62.13 Muscle 
development 
RAC 2.20 
2 PDZ and LIM domain 
protein-3 
Q3SYZ8 1346.65/20 63.92 Muscle 
development 
RAC 1.80 
3 Heat shock protein beta-1 Q3T149 2787.86/20 80.60 Chaperone 
activity 
RAC 1.96 
4 Myoglobin P02192 2371.06/26 99.35 Oxygen 
transport 
RAC 1.51 
5 L-lactate dehydrogenase A 
chain 
P19858 944.61/22 56.33 Glycolysis RAC 1.62 
        
a Spot number refers to the numbered spots in gel image (Figure 1). Spots are identified by accession number (UniProt), 
ProtScore, matched peptides number, and sequence coverage of peptides 
bCON = Non-ractopamine hydrochloride diet ; RAC = 400 mg ractopamine hydrochloride diet for 28 days before 
slaughter 
cSpot ratio of RAC/CON 
 
 
Myoglobin is the oxygen-binding heme protein in mammalian muscle tissue, and its primary function 
is storage and transport of oxygen (Lehninger et al., 2005; Schiaffino & Reggiani, 2011). It transports oxygen 
from red blood cells to mitochondria within the muscles during periods of increased metabolic activity and 
serves as an oxygen reservoir during anoxic and hypoxic conditions in the skeletal muscles (Ordway & 
Garry, 2004). Furthermore, myoglobin plays a critical role in meat colour (Mancini & Hunt, 2005; Suman & 
Joseph, 2013; Faustman & Suman, 2017). The over-abundance of myoglobin in RAC was unexpected since 
dietary ractopamine is known to cause a muscle fibre shift from oxidative to glycolytic in pigs (Depreux et al., 
2002) and beef cattle (Gonzalez et al., 2009).  
 
 
Figure 2 Protein-protein interaction network of differential abundant proteins in muscle proteome of 
longissimus lumborum from CON (non-ractopamine hydrochloride diet) and RAC (400 mg ractopamine 
hydrochloride diet for 28 days before slaughter) beef steers  
 
The interacting proteins were identified using STRING 11.0 software (Szklarczyk et al., 2015).   
The nodes represent proteins from Bos taurus database, whereas the lines (purple = experimental evidence; light green 
= text mining evidence; black = co-expression evidence) indicate predicted functional annotations. 
HSPB1 = Heat shock protein beta-1; MB = myoglobin; LDHA = L-lactate dehydrogenase A chain; CAPZB = F-actin-
capping protein subunit beta-2; PDLIM3 = PDZ and LIM domain protein-3 
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L-lactate dehydrogenase A chain is an enzyme that catalyses the reversible conversion of lactate to 
pyruvate (Gladden, 2004). The over-abundance of lactate dehydrogenase in RAC could be attributed to the 
muscle fibre shift from oxidative to glycolytic caused by ractopamine. Previous studies have reported that 
lactate dehydrogenase is more abundant and active in glycolytic muscle fibres than in oxidative muscle 
fibres (Picard et al., 2002; Huber et al., 2007; Izumiya et al., 2008). Ractopamine shifts muscle fibre type 
from fast oxidative-glycolytic (Type IIA and IIX) to fast glycolytic (Type IIB) in pigs (Depreux et al., 2002) and 
from slow oxidative (Type I) to fast oxidative-glycolytic (Type IIA) in cattle (Gonzalez et al., 2008). 
Furthermore, Costa-Lima et al. (2015) observed over-abundance of L-lactate dehydrogenase A chain in 
longissimus thoracis muscles of ractopamine-fed pigs. Meta-analysis of studies on ractopamine-fed beef 
reported that this beta-agonist increases shear force (Lean et al., 2014). The over-abundance of L-lactate 
dehydrogenase A chain may be one of the possible biomarkers for the decrease in meat tenderness in 
ractopamine-fed cattle. Guillemin et al. (2011) studied 24 protein markers related to meat tenderness in beef 
longissimus thoracis (fast oxidative-glycolytic) and semitendinosus (fast glycolytic) muscles and found that 
lactate dehydrogenase B chain was positively correlated with toughness in semitendinosus, but not in 
longissimus thoracis. Furthermore, Maltin et al. (2003) suggested that glycolytic muscles would be less 




The results of the present study suggested that dietary ractopamine influenced the abundance of 
proteins related to muscle structure development, chaperone activity, oxygen transport, and glycolysis in 
post-mortem beef longissimus lumborum muscle. Additional studies are necessary to characterize how 
ractopamine influences the proteome in ante- and peri-mortem beef skeletal muscles to characterize the 
influence of the growth promotant on muscle to meat conversion and meat quality attributes.  
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